Drosophila
Introduction
When the integrity of the genetic material is compromised, the cell activates checkpoints that inhibit cell cycle progression, allowing for repair of the damaged DNA or, if unsuccessful, lead to cell death (Sancar et al., 2004) . The DNA damage checkpoint response involves a signal transduction pathway consisting of sensors, transducers and effectors (Dasika et al., 1999; Zhou and Elledge, 2000) . Hus1, Rad1 and Rad9 and the associated protein, Rad17 are thought to act as a sensor complex. The signal is transduced by ATM and ATM-Rad3-related (ATR) proteins along with Chk1 and Chk2 kinases. A wide range of effector proteins influence cellular fate following the DNA damage, among these are cell cycle arrest, apoptosis or activation of the DNA repair machinery (reviewed by Harrison and Haber, 2006) . Various checkpoints exist, with each addressing a different type of DNA damage through the use of a specific set of signal transduction proteins (Harrison and Haber, 2006) .
A meiotic recombination checkpoint, also known as the 'pachytene checkpoint' has been characterized in yeast (Roeder and Bailis, 2000) . Meiotic recombination initiates with the generation of DNA double-strand breaks (DSBs) by the Spo11 endonuclease (Keeney et al., 1997) via homologous strand exchange with sequences on a nonsister chromatid. A set of proteins monitors recombination and activates a checkpoint during late prophase I (pachytene) if the recombination repair process has not been completed. This checkpoint prevents segregation of homologous chromosomes until recombination is complete and ensures proper distribution of the genetic material to the gametes.
A meiotic checkpoint similar to that described in yeast also exists in Drosophila. Several of the spindle class genes were previously found to encode proteins with homology to known DNA repair enzymes. Specifically, spindle-A (spn-A) encodes a Rad51-like protein (Staeva-Vieira et al., 2003) , spindle-B (spn-B) encodes a XRCC3-like protein (Ghabrial et al., 1998) , spindle-C (spn-C) encodes a HEL308-like protein (Laurencon et al., 2004; McCaffrey et al., 2006) , spindle-D (spn-D) encodes a Rad51C-like protein (Abdu et al., 2003) and okra encodes a Rad54-like protein (Ghabrial et al., 1998) . These genes were shown to be required for the repair of recombination-induced DSBs during Drosophila oogenesis. Moreover, mutations in these genes lead to activation of a meiotic checkpoint (Ghabrial and Schü pbach, 1999; Staeva-Vieira et al., 2003; Abdu et al., 2003) , leading to the appearance of several defects during oogenesis. The most obvious phenotypes manifested are the dorsal-ventral (D-V) patterning defects of the egg, arising due to improper localization and translation of gurken mRNA. In addition, the hollow sphere of highly packed chromatin (also called the karyosome) that is characteristic of the wildtype oocyte nucleus is often fragmented or thread-like in appearance in the DNA repair enzyme mutants (Gonzá lezReyes et al., 1997; Ghabrial et al., 1998; Staeva-Vieira et al., 2003; McCaffrey et al., 2006; Abdu et al., 2003) . These defects can be suppressed by blocking the formation of DSBs during meiosis through mutations in the spo11 homologue, mei-W68, (McKim and Hayashi-Hagihara, 1998; Ghabrial and Schü pbach, 1999) or by eliminating the checkpoint through a mutations in mei-41 or DmChk2, the Drosophila homologues for ATR and Chk2, respectively (Staeva-Vieira et al., 2003; Abdu et al., 2002) .
Recently, we reported that hus1 mutant flies are viable although the females are sterile. We determined that hus1 mutant flies are sensitive to hydroxyurea (HU) and to methyl methanesulfonate (MMS) but not to X-rays, suggesting that hus1 is required for the activation of an S phase checkpoint. Furthermore, hus1 is not required for the G2/M checkpoint or for post-irradiation induction of apoptosis. hus1 was able to suppress the D-V pattering defects caused by mutations in DNA repair enzymes. Interestingly, hus1 mutants are also characterized by a range of karyosome formation defects, much like mutants expressing defective DNA repair enzymes. These results suggested that during meiosis, hus1 is required for efficient activation of the meiotic checkpoint in response to persistent DSBs and is also essential for the organization of the oocyte DNA, a function that may be independent of the meiotic checkpoint (Abdu et al., 2007) .
In this study, we further analyzed the role of hus1 during meiosis and found that hus1 is required for the efficient repair of DSBs during homologous recombination (HR) in meiosis. We demonstrate that hus1 genetically interacts with brca2. We also show that non-repaired DSBs in the hus1 mutant lead to activation of a DmChk2 checkpoint. Our results thus suggest that hus1 plays a role in the repair of meiotic DSBs.
Results

2.1.
hus1 is required for proper disassembly of the synaptonemal complex
In previous work, we showed that hus1 is essential for activation of the meiotic checkpoint which is activated in mutants of double-strand DNA repair enzymes. However, we also demonstrated that hus1 mutations (both homozygous and in trans to a deficiency) cause oocyte nuclear defects similar to the defects observed with the spindle class of DNA repair enzyme mutations (Abdu et al., 2007) . In wild-type egg chambers, the oocyte nucleus becomes visually different from neighboring nurse cell nuclei during stages 3-4. Oocyte chromosomal filaments begin to condense and form a compact spherical structure called the karyosome (reviewed by King, 1970) . In hus1 mutants, the DNA within the oocyte nucleus is found in a variety of conformations, including the smooth spherical wild-type shape, an oblong shape or is detected as several separate pieces along the nuclear periphery (Abdu et al., 2007) . In this study, we further analyzed the role of hus1 in karyosome formation and during other meiotic processes as well. Abnormalities in karyosome formation have been associated with defects in the formation of the synaptonemal complex (SC) (McCaffrey et al., 2006; Ivanovska et al., 2005) . The SC is a protein lattice that runs along the length of the homologous chromosomes, stabilizing their pairing (Page and Hawley, 2004, and Fig. 1A) . To label the SC, we used an antibody against the C(3)G protein, a component of the transverse element of the SC (Page and Hawley, 2001) . Early in oocyte development, C(3)G is found in several nurse cells that enter meiosis but is most abundant in pro-oocytes (Fig. 1A) . In the latter, C(3)G localizes in a ribbon-like pattern along the chromosomes (Page and Hawley, 2001 and Fig. 1A) . As the cyst matures, meiosis is restricted to the presumptive oocyte, with the SC being found in this cell alone (Fig. 1A) . When the chromosomes condense into the karyosome this ribbon-like pattern disassembles and is diffusely distributed throughout the oocyte nucleus (Page and Hawley, 2001 and Fig. 1D ). We found that in the hus1 mutant, the initially restricted and subsequent ribbon-like localization of C(3)G in the oocyte nucleus were similar to those seen in wild-type oocytes (Fig. 1C) . However, in the hus1 mutant, during the chromosome condensation phase, C(3)G did not dissociate from the chromosomes. Instead, it was partially diffused, along with fragmented ribbon-like complexes (Fig. 1E) , suggesting that in the hus1 mutant, the SC fails to properly disassemble. By stage 8-9, most of hus1 mutant oocytes (80%) displayed a disassembled SC distributed throughout the oocyte nucleus (Fig. 1F) , as in the wild-type oocyte. However in 20% of the hus1 mutant egg chambers, the SC was still observed in several fragments within the oocyte nucleus (Fig. 1G) . These results are similar to those reported with hemizygous flies (hus1 in trans to a deficiency; Table 1 ). To demonstrate that the defects in SC disassembly are due to the absence of the hus1 gene, we expressed the entire hus1 (1, 2a, 2b and 3) are indicated at the bottom. The Orb (blue) protein is found in the pro-oocytes in region 2a, and later is restricted only to the oocyte. c-His2Av staining (green dots) marks DSBs which are no longer detectable in region 3 oocytes. See text for further details. The SC marked by C(3)G antibody staining is represented here in red. Early in oocyte development, C(3)G is found in several nurse cells that enter meiosis in a ribbon-like pattern along the chromosomes. By region 3 of the germarium, the C(3)G protein is localized only to the oocyte nucleus. (B-E) Egg chambers were stained for DNA (blue) and with anti-C(3)G (red) antibodies. The images are not the same scale, and were taken according to the stages of egg chamber maturation. (B) Control wild-type and (C) hus1 mutant region 3 oocyte nuclei display the characteristic initial restriction and ribbon-like localization of C(3)G. (D and E) However, when the chromosomes condense into the karyosome, C(3)G is localized diffusely throughout the oocyte nucleus in wild-type (D), whereas in hus1 mutant, C(3)G fails to dissociate from the chromosomes and is instead found in fragmented ribbon-like complexes (E). (F and G) In 80% of hus1 mutant stage 8 egg chamber oocyte nuclei, the SC disassemble from the chromosomes (F), while, in 20% of the hus1 mutant egg chambers, the SC can still be seen in several fragments in the oocyte nucleus (G). Note that in hus1 mutants (E-G), the karyosome is defective.
open reading frame using an actin-Gal4 driver line in a hus1 mutant background and found that this transgene fully rescues SC defects and restores fertility (data not shown).
2.2.
Karyosome defect in the hus1 mutant is due to the persistence of double-strand DNA breaks
In Drosophila, it was found that defects in karyosome formation in the DNA repair enzyme mutants arise due to the persistence of DSBs during HR (Ghabrial et al., 1998; Abdu et al., 2003; Staeva-Vieira et al., 2003; McCaffrey et al., 2006) . It was shown that mutations in mei-W68, the homologue of spo11, a topoisomerase-II-like protein required to generate the DSBs that initiate meiotic recombination, suppress defects in karyosome morphology detected in DNA repair enzyme mutants. To examine whether the defect in karyosome formation in the hus1 mutant is due to non-repaired DSBs that occur normally during meiosis, we generated flies doubly mutant for hus1 and mei-W68. We found that the mutation in mei-W68 strongly suppressed the karyosome defect observed in the hus1 mutant (Table 1 and Fig. 2C ). These results thus suggest that defects in karyosome formation observed in the hus1 mutant are due to non-repaired DSBs.
Next, we analyzed the process of double-strand DNA break repair in hus1 mutants using an antibody raised against the phosphorylated form of the Drosophila histone, c-His2Av. This histone variant (c-His2Av) becomes phosphorylated upon DSB events, and, therefore, serves as a DSB marker (Madigan et al., 2002 and Fig. 1A) . In wild-type flies, c-His2Av foci are seen in pro-oocyte nuclei in region 2a and occasionally, in region 2b (Fig. 1A) . As meiosis proceeds and DSBs are repaired, the c-His2Av-positive foci disappear, such that in germarial region 3, there is no detectable c-His2Av signal in the oocyte (Figs. 1A and 3A) (Jang et al., 2003) . In the DSB repair-defective mutants such as spn-D, spn-B and brca2, the foci persist into later stages of the pachytene stage (Mehrotra and Mckim, 2006; Klovstad et al., 2008) . Similarly, in hus1, cHis2Av foci persist in germarial region 3 (Fig. 3B) . Since the phosphorylation of c-His2Av indicates the presence of DSBs (Jang et al., 2003; Madigan et al., 2002) , our observations strongly suggest that DSBs are not processed efficiently in hus1 mutant oocytes.
2.3.
hus1 mutant oocytes activate a DmChk2-but not mei-41-dependent checkpoint
The karyosome defects resulting from mutations in DNA repair enzymes can be suppressed by eliminating the a appropriate checkpoint by using mutations in the checkpoint genes, mei-41, the Drosophila ATR homologue, and, DmChk2 (also known as mnk) the Chk2 homologue (Ghabrial and Schü pbach, 1999; Abdu et al., 2003; Staeva-Vieira et al., 2003; McCaffrey et al., 2006) . In order to examine whether the persistence of non-repaired DSBs in hus1 mutants affects karyosome assembly by activation of the checkpoint pathway, we generated double mutant flies for mei-41 and hus1, for DmChk2 and hus1 (homozygous and hemizygous), or for grp and, hus1 the Chk1 homologue. Interestingly, we discovered that mutations in DmChk2 but not in grp or mei-41 significantly suppressed the karyosome defect observed in hus1 mutants egg chambers ( Fig.2D and Table 1 ). Moreover, even a reduction in the copy number of Dmchk2 (DmChk2 P6 /CyO;-hus1 ) partially suppressed the karyosome (76% versus 45%) and SC (88% versus 52%) phenotypes.
Furthermore, we observed that a mutation in DmChk2 but not in grp or mei-41 can suppress the SC disassembly defect in CyO is a balancer chromosome that carries WT alleles of DmChk2 (chk2 homologue), grp (chk1 homologue) and meiW68 (SPO11 homologue). FM7 is a balancer chromosome that carries a WT allele of mei-41 (ATR homologue). * Stage 4 egg chambers with abnormal SC. ** Germaria that exhibit a dramatic accumulation of c-His2Av foci in the oocyte nuclei at region 3.
hus1 mutants (Table 1) . In order to determine whether the DmChk2-dependent suppression of these phenotypes is due to increased DSB repair in the double mutants, we performed c-His2Av staining. We noted a similar increase in the number and persistence of c-His2Av foci in the DmChk2;hus1 double mutant as in the hus1 mutant (Fig. 3C) . These results clearly demonstrate that the karyosome and SC defects observed in hus1 mutants are caused by persistent DBSs that activate a DmChk2 meiotic checkpoint.
Additional ovarian defects in hus1 mutants
The non-repaired DSBs in mutants of the spindle class of DNA repair enzymes activate a meiotic checkpoint that leads Fig. 2 -Organization of the DNA in the oocyte nucleus of wild-type, hus1 and mei-W68;hus1 mutants. (A) Wild-type egg chamber. (B) hus1 mutant egg chamber. (C) mei-W68;hus1 mutant egg chamber (D) DmChk2;hus1 mutant egg chamber. In the hus1 mutant, the DNA in the oocyte nucleus is found in several separate pieces lying along the nuclear periphery. A mutation in mei-W68 or DmChk2 suppressed the karyosome organization defects of the hus1 mutant. (C, magnified image) , showing that the mutation in DmChk2 is unable to suppress the DSB defects found of the hus1 mutation. Posterior is to the right in all images.
to the production of ventralized egg shells. This predominant phenotype has been shown to be a consequence of defects in the translation of grk mRNA. A low percentage of the spindle class of mutant egg chambers display a mislocalization of the oocyte, most probably as a consequence of delayed oocyte selection (Gonzá lez-Reyes et al., 1997; McCaffrey et al., 2006 ). Since we found that hus1 mutants fail to process DSBs during meiosis, we checked whether there is also a defect in oocyte localization in hus1 mutant egg chambers. This was achieved by testing the enrichment of Orb, an oocyte marker, in a single cell (Morris et al., 2003) . The Orb protein is first detected at high levels in region 2 of the germarium. It preferentially accumulates in the presumptive oocytes of region 2 cysts and becomes more pronounced as oogenesis progresses (Lantz et al., 1994 and Fig. 1A) . In wild-type egg chambers, the oocyte always lies posterior to nurse cells (Fig. 4A) . We found that in hus1 mutants, there is a defect in oocyte localization with the oocyte being located anywhere in the egg chamber (6.7%, n = 269, Fig. 4B-C, arrowheads) . Additionally, in some egg chambers (3 out of 251), the oocyte showed the characteristic four ring canals and strong actin staining but failed to accumulate Orb (Fig. 4C ).
hus1 Genetically interacts with brca2 in oocyte determination and localization
Recently, it was demonstrated that the predicted Drosophila gene, CG31069, is a functional BRCA2 homologue (Brough et al., 2007; Klovstad et al., 2008) . A known function of BRCA2 is the regulation of the Rad51 recombinase during DNA repair by HR (Yang et al., 2005; Davies and Pellegrini, 2007; Esashi et al., 2007) . It was found that Drosophila Brca2 physically interacts with Spn-A, the Drosophila homologue of Rad51, and that the two proteins are recruited to nuclear foci after DNA damage (Brough et al., 2007) . Interestingly, much like hus1 mutants, flies mutant for brca2 are characterized by a highly penetrant karyosome defect, and persistent DBSs. In addition, brca2 mutant females lay weakly ventralized eggs that do not hatch (Klovstad et al., 2008) . It was also shown that in ovarian Drosophila extracts, Brca2 co-immunoprecipitates with Rad9, a part of the 9-1-1 complex (Klovstad et al., 2008) . The interaction between Rad9 and Brca2 suggests that these proteins may function together during the meiotic recombination checkpoint or in DNA repair. In a previous study, we demonstrated that the hus1 mutant can suppress the D-V defects of DNA repair enzyme mutants (Abdu et al., 2007) . Accordingly, we now checked whether activation of the checkpoint in brca2 mutants is dependant on hus1. We, therefore, generated flies doubly mutant for hus1 and brca2 and found that such females do not lay eggs. While DNA staining of hus1 and brca2 single mutant fly ovaries (data not shown) appear much like the wild-type (Fig. 5A ), brca2;-hus1 ovaries were reduced in size and contained no mature egg chambers (Fig. 5B) . These ovaries instead contained many degenerating egg chambers containing condensed nuclei, suggesting that most of the egg chambers underwent apoptosis. Acridine orange (Fig. 5D) and TUNEL (Fig. 5H-J) staining of the ovaries confirmed that these egg chambers were indeed apoptotic.
We next examined whether a mutation in brca2 can enhance oocyte determination defects in the hus1 mutant. Using the oocyte marker, Orb, we found that in brca2 single mutants, 14.3% (n = 187) of the egg chambers failed to accumulate Orb (data not shown). brca2;hus1 double mutants displayed a more dramatic and penetrant phenotype, with a majority (62.5%, n = 233) of egg chambers showing no Orb staining (data not shown). In addition, the percentage of misplaced oocytes was greatly increased (32%, n = 127), as compared to the level detected in hus1 single mutants (0.07%, n = 232) or in brca2 mutants (0.03%, n = 218). Such defects in oocyte misplacement and determination are probably an indirect outcome of DSB repair. Hence, these findings suggest that hus1 genetically interacts with brca2 during the process of HR repair in meiosis.
2.6.
brca2;hus1 double mutant showed persistence of double-strand DNA breaks also in the germanium nurse cells It was found that in DSB repair-defective mutants like okra and spn-B, c-His2Av foci are seen also in nurse cells in region 3 cysts (Jang et al., 2003; Mehrotra and Mckim, 2006) . Since both hus1 and brca2 mutants showed delayed DSB repair in the oocyte we checked whether, as in other DSB repair enzymes, mutations in these genes may also affect DNA repair in the nurse cells. Similarly to wild-type in region 2a, c-His2Av stained foci were detected in pro-nurse cells with fragments of C(3)G staining in early pachytene in hus1 and brca2 single mutants arrowheads) . In comparison to other DNA repair mutants, we found that in hus1 and brca2 single mutants the defects in the persistence of DSBs were restricted only to the oocyte at region 3 cysts but not to the nurse cells ( Fig. 6B and C) . Most importantly, in the double mutant brca2;hus1, flies cHis2Av foci were stronger in region 2a as compared to wild-type and were found also in later stages (regions 2b-3) both in the oocyte and in the nurse cells (Fig. 6D and D 0 arrow and arrowheads, respectively). Thus, these results suggest that hus1 and brca2 are required for DSB repair not only in the oocyte but also in the nurse cells.
Discussion
Our previous study demonstrated that Drosophila hus1 is required for both the meiotic and somatic DNA damage responses and that hus1 plays a novel role in organizing the oocyte nuclear DNA (Abdu et al., 2007) . Here, we were able to show that the aberrant karyosome phenotype in the hus1 mutant is caused by defective HR repair. Histone c-His2Av phosphorylation, a DSB marker, was dramatically increased in hus1 mutant flies and these persisted until later stages of oogenesis, as compared to wild-type flies. Additionally, blocking the formation of DSBs by using mei-W68 mutant flies suppressed the karyosome defect of hus1 mutant. The (A and B) Egg chambers were stained for DNA (blue) using Hoechst stain and the oocyte nucleus (red) was stained using anti-C(3)G antibodies. Unlike hus1 and brca2 single mutant fly ovaries which display DNA staining similar to the wild-type (data not shown), the ovary of the double mutant was smaller than the wild-type and contained many degenerating egg chambers (B, arrows). An egg chamber with a mislocalized oocyte is also shown (B, arrowhead). (C-J) Ovariole from wild-type (C, E-G) or brca2;hus1 mutant flies (D, H-J). Cell death of egg chambers was confirmed in the double brca2;hus1 mutant flies using Acridine Orange staining (D, arrow), and by TUNEL assay (H-J, arrows in J). DNA staining is shown in blue (E and H), TUNEL staining in green (F and I), and the merged image (G and J). Wild-type and mutant germaria immunostained with anti-C(3)G (red) antibodies to detect the SC, anti-c-His2Av (green) antibodies to detect DSBs and Hoechst stain (blue) to detect DNA. As described above in Fig. 1A and Fig. 2 , unlike the WT (A), c-His2Av foci persist till later stages in hus1 mutants and are detectable also in region 3 oocytes (B, arrow). Similar results were reported for brca2 mutants (C, arrow and Klovstad et al., 2008) . While in WT, hus1 and brca2 single mutants DSBs are detected in pro-nurse cells in region 2a only (A-C, arrowheads), in the brca2;hus1 double mutant c-His2Av foci were stronger at stage 2a and could be found throughout the germanium also in later stages (regions 2b-3) both in the oocyte and in the nurse cells (D arrow and arrowheads, respectively).
persistence of DSBs and karyosome defects in hus1 mutants resemble phenotypes found in flies with mutations in DNA repair enzymes of the spindle class genes. Taken together, these findings suggest that hus1 functions not only in activating the meiotic (pachytene) checkpoint but also in the repair of DSBs by HR during meiosis. Supportive of a role for hus1 in HR is the finding that reducing hus1expression in mouse cells by a siRNA approach decreases the efficiency of HR repair (Wang et al., 2006) . Mammalian Rad9, a member of the Rad9-Hus1-Rad1 complex (9-1-1), interacts with Rad51, and inactivation of mammalian Rad9 results in decreased HR repair (Pandita et al., 2006) . In yeast cells, it was shown that Rad17, the Rad9 homologue, and Rad24, the Rad17 homologue, are required for repair of DSBs during meiosis by facilitating proper assembly of the meiotic recombination complex containing Rad51, a protein which catalyzes DNA strand invasion (Shinohara et al., 2003) . Therefore, it seems likely that the 9-1-1 complex as a whole could function during HR, this requires further examining.
Interestingly, flies mutant for the recently identified Drosophila brca2 gene, are characterized by a highly penetrant karyosome defect, weakly ventralized eggs and persisting DBSs, implying a role for brca2 in homologous recombination repair. The abnormal D-V eggshell phenotype in mutants of DNA repair enzymes can be suppressed by mutations in brca2. This suggests that brca2 plays an additional role in transduction of the meiotic recombination checkpoint signal (Klovstad et al., 2008) . It was reasoned that such a requirement for brca2 in activation of the checkpoint masks the strong eggshell ventralization phenotype normally characteristic of mutants of DNA repair enzymes (Klovstad et al., 2008) . A similar rational could be applied to our results with the hus1 mutant, where hus1 represents another protein with a dual function in both DNA repair and checkpoint activation during Drosophila meiosis. We suggest that hus1 and brca2 thus represent a new class of proteins that serve a dual function in HR repair and in checkpoint activation during meiosis but whose mutant alleles do not show the full and/or strong repertoire of phenotypes of classic repair enzyme mutants (Klovstad et al., 2008) . Interestingly, it was also reported that the Drosophila ATR homologue, mei-41, serves a dual function in DNA damage checkpoint and in facilitating the later stages of HR repair (LaRocque et al., 2007) . mei-41 mutants also show a pattern of c-His2Av staining in oocytes similar to that seen in DSB repair mutants, including delayed onset and persistence of foci into late pachytene (Joyce and McKim, 2009) . The reduced or partial phenotypes displayed in mutants of these proteins (hus1, brca2 and mei-41), as compared to DNA repair enzyme mutants of the spindle class, may be indicative of a more regulatory natured role in repair, rather than a direct one. Thus, in DNA repair mutants a meiotic checkpoint is activated due to lack in repair of DSBs, while in mutants of regulatory genes (such as hus1, brca2 and mei-41) DSBs are also not repaired, however the checkpoint is not transduced properly leading to less pronounced phenotypes.
We also found that a mutation in the DmChk2 gene was able to suppress the karyosome and SC disassembly defects observed in hus1 mutant egg chambers, although DSBs persisted in these double mutants. This implies that in flies lacking hus1, DSBs are not repaired and this, in turn, leads to the activation of a DmChk2-dependent checkpoint. A mei-41 mutation was, however, unable to suppress these karyosome and SC defects. Similar results were reported for brca2 mutants, where the karyosome defects were attributed to activation of DmChk2 checkpoint but not of mei-41dependent one (Klovstad et al., 2008) . Supporting evidence to the inability of mei-41 to suppress hus1 karyosome defects is the finding that mei-41 (Joyce and McKim, 2009) but not DmChk2 (this study) mutants show defects in processing DSBs during meiosis. The activation of a DmChk2-dependent checkpoint in hus1 mutants could be due to activation of DmChk2 by the other upstream checkpoint kinase, ATM. At this point, using our karyosome suppression assay, we are unable to test whether ATM is the upstream activator, since atm mutants themselves present karyosome defects (Silva et al., 2004) . It will be interesting to test whether atm, as hus1 and brca2, has a dual role in activation of the meiotic checkpoint and in HR repair.
Since Brca2 co-immunoprecipitated Rad9, a member of the 9-1-1 complex, (Klovstad et al., 2008) and in this study we demonstrated a dual function for hus1 in meiosis, which was similar to that of brca2, we decided to test whether hus1 and brca2 genetically interact. We used defects in oocyte localization and determination, which were found to be characteristic of other DNA repair enzymes (Gonzá lez-Reyes et al., 1997), as an indirect outcome of DSB repair in the oocyte. We showed that a mutation in brca2 strongly enhanced the oocyte localization and determination defects found in the hus1 mutants. The finding that both hus1 and brca2 mutants show defects in DSB repair in the oocyte and that Brca2 physically interacts with Rad9, a part of the 9-1-1 complex (Klovstad et al., 2008) , suggest that hus1 and brca2 may be a part of the same pathway of HR repair.
However, the genetic interaction between hus1 and brca2 in HR repair in the germarium pro-nurse cells could be interpreted in a different manner. In wild-type, in region 2a of the germarium some of the pro-nurse cells contained DSBs as revealed by c-His2Av staining (Jang et al., 2003; Mehrotra and Mckim, 2006) . In later stages of meiosis, region 2b-3, the DSBs were restricted only to the oocyte, suggesting that there is a mechanism that ensures the restriction of DSBs to the oocyte and prevents these breaks in pro-nurse cells. We found that in the double mutant flies for hus1 and brca2, but not in the single mutants, all of the germaria nurse cells showed c-His2Av staining, suggesting that the nurse cells throughout the germarium have DSBs. These results point towards the role of hus1 and brca2 in DSB repair both in the pro-nurse cells and the oocyte. Such defects in DSB repair in the nurse cells and the oocyte could be the cause for the apoptosis of egg chambers in brca2;hus1 double mutant flies as described in this paper. The finding that the defects in DSB repair in the pro-nurse cells were detected only in the double brca2;hus1 mutants but not in the single ones, suggests that in this process hus1 and brca2 could act in parallel or in redundant pathways. Since it was shown that mei-41 mutants do cause a persistence of c-His2Av foci in the oocyte but not in the nurse cells (as in the hus1 mutant), it will be interesting to study the complex interactions between mei-4, brca2 and hus1 in this process (Joyce and McKim, 2009) . Altogether, our results lead to the identification of Hus1 as a protein with a dual role in activation of the meiotic checkpoint and in HR repair during meiosis.
4.
Materials and methods
Drosophila strains
The Canton-S and yw strains were used as wild-type controls. The following mutants were used: hus1 37-10 (Abdu et al., 2007) , mei-41 D3 , mei-41 D5 (Hari et al., 1995) , mei-W68 (Klovstad et al., 2008) . Marker mutations and balancer chromosomes are described in the Drosophila Genome Database at (http://flybase.bio.indiana.edu).
Ovary staining
Ovaries were dissected in phosphate-buffered saline (PBS), fixed in 200 ll 4% formaldehyde in PBS combined with 600 ll heptane for 20 min, and washed in PBST (PBS + 0.3% Triton X-100). The ovaries were incubated with primary antibodies overnight at 4°C, and then with secondary antibodies for one hour. DRAQ5 (Biostatus) was added (1:100 dilution) with the secondary antibodies, when required for staining. The ovaries were separated onto slides in 50% glycerol. The following antibodies were used at the designated dilutions: mouse anti-Orb monoclonal antibodies 4H8 and 6H4 (Lantz et al., 1994) , were used at a 1:10 dilution, mouse anti-C(3)G antibodies (Anderson et al., 2005) were used at a 1:1000 dilution and rabbit anti-c-His2Av antibodies (Mehrotra and McKim, 2006) were used in a 1:500 dilution. Cy2-, Cy3-and Cy5-conjugated secondary antibodies (Jackson Laboratories) were each used in 1:100 dilutions. For propidium-iodide staining, fixation was preformed as described above. The ovaries were incubated in 0.2 mg/ml RNase A, and then in a 1:100 dilution of propidium-iodide for 1 h. For actin and DNA staining, Oregon green 488 phalloidin (Molecular Probes) was used at 1:500 dilution and Hoechst stain (Molecular Probes) was used at a 1 lg/ml, respectively. The TUNEL assay for detection of apoptotic egg chambers was preformed using the ApopTag Plus Fluorescein In Situ Detection Kit (Chemicon International), according to manufacturer's instructions. For Acridine orange staining, ovaries were incubated in 0.5 lg/ml acridine orange (Sigma) in PBS for 5 min at RT. Egg chambers were photographed using a Zeiss LSM510 laser-scanning confocal microscope.
